The rapid development of both digital production tools -such as 3D printers, CNC machines and laser cutters -and Information and Communications Technology (ICT) have provided a means for small scale, distributed poly-nodal Digital Manufacturing to become a viable production method. These tools are enabling individuals to make sophisticated parts and products without formal training at sites of production situated in domestic communities globally. A key contributor to this shift is the Open Source Hardware (OSHW) Maker Movement -a movement made up of a diverse range of individuals from a wide variety of backgrounds and levels of expertise all working towards a common goal of making the tools for making artefacts more accessible. As yet, Industrial Design contribution is limited, with the technology tending to appeal to those who are 'tech-savvy'. However, there are opportunities for designers to use these tools and associated methodologies to make objects that make a difference in ways that have never been possible before. It is likely that, when more commonplace, domestic production tools -additive and subtractive -will change the face of industry as we know it. Is it possible that we will be printing our own cars at home in the future? This paper explores some of the developments in these tools, how they are currently being used in a transport design context and some of the implications for future manufacturing of automobiles.
INTRODUCTION
In recent years there has been a remarkable shift in digital manufacturing technologies toward small scale, consumer-oriented, digitally enabled tools for manufacturing. Low cost, accessible 3D printing, CNC machining, laser cutting and robotic machines have become more prevalent in the market and have seen rapid price reductions since the mid-2000s, when a number of landmark initiatives became public. These initiatives were designed to democratize the practice of making and provide equitable accessibility to products and services for everyone globally. They include: The Reprap open source self-replicating 3D printer developed by Adrian Bowyer [4] , [11] and his team at the University of Bath in the UK; The Fab Lab -a low cost fabrication laboratory comprising of digitally enabled manufacturing tools -founded by Neil Gershenfeld [9] and his team at MIT in the US; the Creative Commons licence, established in 2001, which enables users to share source documents, digital models and intellectual property freely in a share and share alike agreement [14] , and; Thingiverse, a repository of user-generated digital models that can freely be downloaded, printed and modified by anyone [24] . All of these, and subsequent developments, have opened opportunities for individuals in a domestic setting to become small-scale and one-off product manufacturers. This has become known as the "Maker" movement [20] .
In 2011, another notable landmark was set in the development of distributed, digitally-enabled domestic-scale manufacturing. The "Urbee", which is the first vehicle to boast a fully printed exterior body, was unveiled after a number of years in development. KOR EcoLogic Inc, in collaboration with a number of other 3rd party vendors, including Stratysis and Autodesk, resulted in a prototype of a vehicle intended for production via 3D printing technologies [15] . Based on current rapid developments, it is likely that in coming years these technologies will become an integrated part of the domestic environment, which begs the question; will we be able to print our own vehicles at home in the near future?
This paper discusses the roots of the Maker movement, the machines that enable it, and the design methods and interactions required to make the final products accessible and easy to make. It goes on to discuss the likelihood of small scale domestic vehicle production and some of the developments that need to occur in order for that to happen. Chapter one traces a path from the early development of the Reprap, Makerbot Industries and FABLab through to the emerging industries and products of present day; chapter two discusses the current place of 3D printing in the design and manufacturing of vehicles, and; chapter three explores the pathway from current manufacturing methods and technologies to a possible future of small-scale domestic batch production.
2
A BRIEF HISTORY OF, 3D PRINTING, THE "MAKER" MOVEMENT AND OPEN SOURCE HARDWARE DEVELOPMENT
2.1
The Beginnings of 3D Printing: 3D Systems, Stratasys and Helisys Inc.
Additive Manufacturing (AM), or 3D printing, is a rapidly maturing technology. With a 29.4% growth in 2011, it eclipsed the collective historical growth (26.4%) of the industry in one year [41] . Many believe that it will be highly formative for the future of manufacturing, and be an integrated part of our everyday lives (see, for example [26] , [33] ).
While such fast growth is being experienced now, it has a history that stretches back for over two decades. Born in the mid 1980's, 3D printing emerged from three technologies that were developed concurrently and emerged onto the market within a short period of time. In 1987, 3D systems released a machine that used system known as Stereolithography (SLA) where, within a bath of photosensitive resin, each progressive layer of a model is defined and hardened by a laser. The semi-hardened 3D model is then cured in UV light [40] . The second development occurred in 1987-88 when Scott Crump developed the first of what he termed Fused Deposition Modeling (FDM) machines, where fine filaments of hot plastic are extruded and fused in stratified layers to form a 3D model. This system was commercialized in 1991 by Stratasys and has been the primary technology of the company since [6] . The third system, known as Laminated Object Modeling (LOM), was developed in 1987-90 by a now defunct company called Helisys Inc.. Thin layers of thermo-activated binder coated material such as paper or foil are profile-cut and heat-bonded together to form a 3D model [39] . While these three were the most dominant technologies, a number of others were also developed around the same time, such as; Selective Laser Sintering (SLS) in 1992, where layers of powdered metal, plastic, or glass are sintered together using a laser; Selective Mask Sintering (SMS), where a mask of the negative form of each layer is printed with toner onto glass and placed over a layer of powder. The positive form of the layer is then exposed to IR radiation and sintered to the layer below, and; 3D-Printing (3DP), patented by Massachusetts Institute of Technology (MIT) in 1994 and becoming commercialized in 1997, where layers of powder are bound together in a similar fashion to SLS, but rather than a laser, water is used as the binding agent. This system has since been commercialized as low-cost office-based machines by Z-Corp and Objet [40] . Originally used primarily for prototyping, some of these technologies are now beginning to be widely used for the batch production of parts. Widely known as Additive Manufacturing and sometimes referred to as Direct Digital Manufacturing (DDM), this process is a radical departure from traditional mass manufacturing. It has many advantages, with the most notable of these being the opportunity for designing high levels of adaptability into products and the providing the ability to manufacture one-off parts without having to invest in expensive tooling. One-off setup costs for AM are relatively inexpensive, determined primarily by the type of 3D printer and computer purchased. Ongoing costs are also cost effective, being mainly limited to the cost of raw materials, maintenance, spatial requirements (which are all relatively small) and power usage [11] .
These technologies have, until recently, been too expensive to be broadly accepted by a consumer market. For instance, in February 2002 Stratasys released the Dimension 3D machine which was the first "low-cost" desktop 3D printer -it sold for just under US$30,000. Since then, a number of technology developments have seen the costs reduce and accessibility increase for 3D printers to become accessible to the consumer market. These have not come from industry, but instead, stem from the activities of academic researchers and enthusiasts, whose primary aims were to democratize technologies for making objects. These technologies are based on Open Source platforms and have been designed to be hacked, innovated and distributed by the community. Known as Open Source Hardware (OSHW), the tools have sparked what has been termed the "Maker" movement, which is comprised of a community of individuals linked by Internet connection who freely exchange information about how to make things [20] . Since low-cost OSHW machines have become available, the price of non-open source machines have fallen dramatically, with many available for sub $3,000, such as the Cube 3D Printer ( fig. 1a. ) [1] , B9 Creator ( fig. 1b. ) [2] and the Up! (Fig. 1c.) [22] .
Reprap, the FABLab and Further Developments
In the mid-2000s two initiatives opened the door to democratising the product fabrication and initiating the Open Source Hardware (OSHW) and "Maker" movements (For more in-depth definitions of the active constituents of the Maker movement, please see [36] , [5] ). The first of these was developed by Adrian Bowyer and his team at the University of Bath. Aptly named the Reprap -a self-replicating rapid prototyping robot -it was designed to be made using accessible tools and processes. While the very first machines were made on a Stratasys FDM machine, subsequent parts could be made by the machines themselves. In addition to the 3D printed parts, the initial "Darwin" machines ( fig. 2a.) included off-the-shelf components like smooth and threaded steel rods, bolts, timing pulleys and belts, bearings, stepper motors and open source electronic controllers which were designed to be inexpensive and hackable [12] . The commercially available variants of these machines, however, were constructed using lasercut acrylic in place of the 3D printed parts in order to reduce manufacturing time. MakerBot Industries (which was part funded by Bowyer), is arguably one of the most successful offshoots to date. Bre Pettis, Adam Mayer and Zach Smith developed the company's first commercially available 3D printer -the Cupcake ( fig. 3a. ). The machine consisted of a multi-part lasercut bolttogether plywood frame which housed an assemblage of easily accessible and inexpensive parts. Since then, the company has released updated machines -the Thing-O-Matic and Replicator -which use the same build philosophy but demonstrate improved print quality and ease of use. The source files are freely available for anyone to download and replicate, however, many choose to buy a machine direct from Makerbot Industries. In addition to 3D printers, Pettis concurrently initiated Thingiversea repository for individuals to upload and share digital models for 3D printing. This has made it possible to download and print objects rather than buying them from a retailer [24] . The second initiative to influence the democratisation of digital fabrication was the Fab Lab which was initiated by Neil Gershenfeld at Massachusetts Institute of Technology (MIT). The Fab Lab -or fabrication laboratory -consists of low-cost digitally-enabled additive, subtractive, printing and slicing technologies. The basis of the notion was that, for under US$20,000, anyone could set up a facility to make almost anything [9] . It was initially devised to grant developing nations access to first world manufacturing services, however, since 2005 one hundred and twenty labs have been established worldwide [7] . The Fab Lab has been instrumental in establishing a precedent for distributed manufacturing, which allows global products to be made locally using local materials and labour (see, for example Shapeways [26] ; Ponoko [20] ). Given it is situated in urban communities; it also promotes product innovation on an individual level rather than limiting it to those with access to large manufacturers. 
2.3
Open Design, Upcycling and the Maker Movement OSHW 3D printers subscribe to an Open Design methodology. Open Design is a term that has emerged in recent years to describe a process in which products can be designed to become more accessible to end users regardless of geographic, social and economic standing. It is an adaption of open source methods which have been used in software development for a number of decades -where the source code is made freely available for anyone to innovate, modify and improve. This methodology allows designs to flourish at fast rate, given the development is opened up to a global network of innovators rather than a select few in an organisational structure. In Open Design, the open source strategy is applied to the development of physical products through digital manufacturing tools and Internet connectivity. Ronen Kadushin, an industrial designer known for his "Hack Chair" ( fig. 5.) , coined the title "Open Design" in his 2004 Master's thesis, and the term was later formalised in the "Open Design Manifesto" in 2010 [37] . According to this, the Open Design method relies on two preconditions: · "1. An Open Design is CAD information published online under a Creative Commons license to be down-loaded, produced, copied and modified. ·
2. An Open Design product is produced directly from file by CNC machines and without special tooling. " [13] To exemplify this, the "Hack Chair" can be downloaded, made, used and redesigned freely by anyone who has access to a computer, Internet and laser cutter. Each chair is cut from a standard sheet of pliant material -i.e. aluminium, steel, titanium etc. -and bent into shape. End users are able to download and make a chair for free, however, under a Creative Commons licence, if there is a desire to produce one or more for commercial gain, royalties must be paid to the original author [13] .
In his "Incomplete Manifesto for Growth", Bruce Mau also aptly relays a support for the Open Design philosophy. He iterates that by focusing on process and relying on the experience of others, a single outcome can become part of a continuum possible outcomes rather than an end in itself. He additionally ascribes the importance of learning through making, which has been the cornerstone of the Maker movement to date [17] . Similarly, McDonough and Braungart's notion of upcycling [18] where value is added to objects and materials at every lifecycle stage -conforms to a philosophy of continuity. Short life components -designed with materials that can be reused or returned with benefits and without toxicity to the natural environment -and long life components must be able to be easily disassembled and reused in an equal or value-added way in their next life. In order to do this, both Open Design and upcycling stand on the common ground of modularity. 3D printing in the automotive industry has been largely limited to the prototyping of components as a design and engineering validation tool. It has been used to make small parts and sub-assemblies for both visual analysis and quality control. To date, aside from the Urbee, there have been few examples of this technology being used to produce final production parts in vehicles.
Gordon Murray, while not yet disclosing whether he will use 3D printed parts in production, discusses the use of a Stratasys Fortus 400mc 3D printer to make soft tooling to cast rubber seals for the T.25. While this is not an example of the direct use of 3D printed parts in manufacturing, production parts could possibly be made directly from the 3D printed tooling. Murray additionally claims that by using an in-house 3D printer the company was able to reduce costs and lead times in design and prototypical development [32] . Murray's simplified factory setup, consisting of bending and welding and simple assembly processes rather than presses and large forming tools, reduces the size of the factory to 20% of current automotive manufacturers [10] . 3D printing as an advanced manufacturing method could possibly further reduce production space and complexity.
3.2
Designed for 3D Printed Production Parts: The "Urbee" Case Study
The Urbee is a 3D printed vehicle Designed by KOR Ecologic Inc that has been 15 years in the making. The intension of the project was to develop an energy efficient vehicle infrastructure that could be powered entirely by renewable energy. To achieve this, the body of the vehicle was specifically designed to make best use of materials for a lightweight construction. 3D printing was selected for this due to its ability to place material exactly where it is needed. Assisted by Stratasys (3D printing), Tebis and Autodesk (software), and CD-Adapco (simulation) the body panels were designed to incorporate sophisticated honeycomb structures -unable to be produced using traditional manufacturing methods -to mimic light structures such as bone and beehives. Thousands of variations were digitally simulated prior to the decision to make each 1.5 x 1.0 x 1.5 meter panel by dovetailing 4 smaller panels together. The second iteration of the Urbee will use a Statasys Fortus 3D system to go further and print the vehicle with integrated ducting and wiring [15] . This project demonstrates the potential for 3D printing to be used as a means to make large, sophisticated products. It is foreseeable that domestic 3D printers, if not already capable of doing so, will be able to produce production parts in the near future.
PATH TOWARDS PRINTING VEHICLES AT HOME: REQUIRED DESIGN AND MANUFACTURING SHIFTS
In order for vehicles to be manufactured using OSHW in a domestic-scale environment, there are a number of advancements that need to be made. First, while some of the commercially available machines are beginning to produce surprisingly accurate and clean prints, there are problems surrounding machine speed and print size capabilities. Second, a fundamental shift in the perception, processes and expectations surrounding manufacturing itself -including material flows -Product Lifecycle Management (PLM), embodied technologies and information/knowledge transfer need to occur. Third, while AM is a maturing industry, design processes need to be re-envisioned to accommodate it. The benefits that the interactive and connected world of 3D printing technology is part of -and, to an extent, is driving -are many, however, at present design still mainly operates under the restrictions of current traditional practice. There are many and varied opportunities for transformational innovation if these new manufacturing techniques are taken into consideration. Forth, the products themselves need to be reconsidered and redesigned to be best suited to 3D printing. Given there is no need for expensive tooling, product adaptability, personalization and modularity become possible.
Machine Capabilities and Manufacturing Opportunities
Industrial-age manufacturing practices in the automotive industry have seen continual development over the last century to become a stable and reliable precedent. Since Henry Ford established the notion of mass production, the means of making complex products accessible to a wide audience at affordable prices has been possible. Over the past century, cars as products themselves have also seen continual improvement, becoming increasingly complex structurally and technologically in order to improve the sophistication in ride, handling, comfort and safety. Consequently, the manufacturing infrastructure required to support them has also increased in specialisation and sophistication. This has resulted in high-level equipment requirements, complex production and transport logistics, precision tooling capabilities and nuanced skill requisites.
Mass production in its current form, however, is becoming increasingly vulnerable. In a progressively more variable digital culture, the unsuccessful market acceptance of a product with high investment costs and long development lead times could be potentially harmful to a company's survival.
It is possible that a more open and distributed approach to design and manufacturing could decrease this vulnerability. A business structure that allows high levels of adaptability to market shifts through open product infrastructures could provide an effective way of engaging with increasingly diverse market demands. However, given the complexities of the established production paradigm, a direct translation of a network of domestic-scale distributed digital tools into current manufacturing practices is not likely to be easy. Instead, it would be expected to require a complete rethinking of equipment requirements, product design, material and information flows, transport logistics and assembly processes. To this end, however, there a number of advantages to establishing a network of distributed digitally enabled small-scale producers in, or near-by, the domestic environment. A broad customer/end-user base can be intrinsically involved in the process of both the design and making of new products. This means that feedback loops are both rapid and integrated and allow batch manufacturing of products on mass with high levels of potential product variability and the continual updatability of parts and sub-assemblies. Parts can also be manufactured on demand nearby the end location of the product, which vastly reduces product miles and storage requirements. Local materials can be sourced which can stimulate local revenue streams and create new business opportunities within community groups. The manufacturing workforce is also fluidly variable according to the volume of product demand.
The path to achieving seamless domestic-scale production is likely to be difficult in the initial stages. At the most basic level, the equipment required to achieve quality outcomes is not yet broadly available. While 3D printer costs have become more accessible, until recently, inexpensive machines have come with an output quality penalty. However, given their open-source/open-design innovation and development, the gap is fast closing. Print results from the Mendel Prusa, Ultimaker and Makerbot Replicator, for instance, now rival low to mid-range Stratysis machines [38] .
There are a number of the other issues facing domestic-scale manufacturing. Build size capabilities on most domestic machines are limited in most cases to bounding volumes of between 150x150x150mm and 250x250x250mm. This means that products larger than these volumetric boundaries need to be split into smaller sections and assembled post printing, which means that printing a part as large as a vehicle's bumper molding for instance, becomes a difficult and slow process, and requires great accuracy to achieve a quality result when mating parts.
Print-cycle time is also slow, not only from the actual print-cycle perspective -which is greatly slower than injection moulding -but also in the time it takes to prepare each print run. The larger an object to be printed is, the longer it takes to generate the G-code and print the file (the object in fig. 6 . for instance, took upwards of 40 minutes to generate G-code and over 5 hours to print with an extrusion speed of 45mm per second, two layers of solid surface and 20% infill). The set-up process may also need to be undertaken a number of times to adjust the machine to get the best print result for a particular form.
Material performance variability is also an issue. For an FDM machine, the consistency of the feedstock filament diameter is critical to achieving a smooth flow of material through the extruder to the printed object. This variability can deviate from supplier to supplier and from filament batch to batch. Each colour also acts differently; from experience, when printing with identical parameters, a green coloured PLA extrusion adhered more consistently to the layer below it at a reverse 45° angle (like in fig. 6 .) than orange PLA. It is thought that the different pigments affect the viscosity and, consequently, extrusion rate and diameter.
The spool size, material age, feed method also make a difference to the reliability of a print run. The older the material, for instance, the more memory it appears to maintain on the spool, which, if it has been coiled tightly, makes it difficult to straighten when feeding it into the machine. Each machine is also different. Variations in thermistor temperature control, XYZ carriage accuracy and machine build quality, for instance, all have an impact on the final print outcome.
OSHW machines also need constant supervision; prints quite often fail, which equals wasted time, energy, materials and funds. Troubleshooting these failures rests entirely on the shoulders of the individual maker, so when things go wrong, it can be a frustrating process understanding and fixing the issues. The knowledge base for troubleshooting can often be provided by on-line knowledge share through wiki sites such as Reprap.org and Planet Reprap <http://planet.arcol.hu/>, however much of it relies on trial and error.
Despite all of these issues, the precedent for distributed domestic-scale digital manufacturing is growing. Makerbot Industries, for example, put out a call in 2009 for community contributions from a global base of home fabricators to manufacture pulleys to be included in 3D printer kits [23] . More recently, a call was posted for contributions to a project to manufacture connectors for an open source geodesic dome -the organisers were willing to pay $2 per part [21] . Precedents such as these demonstrate a new way of thinking about the location and operation of manufacturing. Rather than relying on single source manufacturers for sub-assemblies, manufacturing can be undertaken from multiple locations and from a wide variety of contributors. While this is a fresh approach to manufacturing processes, broad scale success is likely to need new approaches in design process and product rationalization.
Design Process and Product Infrastructure

Redesigning design systems
Open design processes provide the opportunity for designers to maintain a closer relationship with the end user and understand their needs on a more intrinsic level. It also provides the end user the opportunity to generate content, adapt and personalise products and be involved in the making process. Currently, however, the manufacturing industry's corporate structure, IP and confidentiality constraints, product complexity and production processes separate designer from end user (see top half of fig. 7 ). In the case of the automotive industry, for instance, the end user feedback is typically sought at two junctures. First, focus groups are held mid-way through the concept design phase to validate concept selection; second, focus groups and online feedback subsequent to product release to gauge customer sentiment. Information gathered is used in the pre-program development of the next product model. Open Design is intrinsically more participatory. Distributed methods of fabrication coupled with Internet connectivity allow end users to become designers and contribute personalized content. This necessitates a shift in the traditional skills required of the industrial designer, whose role becomes more of a meta-systems designer rather than the author of a final product [30] . This means there are inherent degrees of product incompleteness -i.e. the design itself is never final, but becomes one possibility in the course of a perpetual development cycle of many [8] . Designing products for incompleteness also means that products can be bought and sold in various states of completion with the intension that the end user can add and subtract content at will. Products can also be updated, reconfigured and upcycled to take on different forms rather than remaining static in their embodiment. Garud et al. state that in a new digitally-enabled frontier of networked society "[…]designs are like dynamic jigsaw puzzles in which multiple actors assemble pieces within templates that change as a result of the actors engagement" [8] .
Redesigning product systems for domestic-scale production -personal transport as a case study
In many cases, products designed for completeness are done so with inherent complexity such that the making process is inaccessible to individuals. A vehicle, for instance, may contain up to 20,000 parts [19] , many of which require highly specialised knowledge and manufacturing processes to design and make -which for the domestic producer, is prohibitively difficult. Given that cars have great value for personal transport and offer high functional benefits, it is unlikely that they will cease to be part of contemporary life in the near future. However, greater efficiencies can be gained if a Collaborative Consumption model is utilised -i.e. buying, building, sharing and trading as communities [35] . For example, a share facility containing vehicles with various functional attributes -i.e. a utility and/or a van for carrying large objects, an MPV for carrying large numbers of people, a sedan for travelling longer distances, etc. (fig. 8 .) -can be available for the occasions when needed, but small footprint, lightweight vehicles could be used by individuals for everyday use. Each vehicle becomes part of a broader ownership and usage system that allows more efficient energy, material and resource usage, rather than the one-size-fits-all solution of individual car ownership. There are, however, a number of challenges to design for collaborative consumption: how can we as designers design products that create open layers, value-add through usage, personalize shared objects, and reduce landfill and build modular systems [35] ? A transport design project is currently being undertaken at Monash University to explore these questions further. Continuing with the above example where larger, more complex vehicles could be co-owned by communities, a lightweight ultrasmall footprint vehicle would be sufficient for most daily commutes. A vehicle such as this could be designed with minimal parts -i.e. electric motor, battery, controller, wheels, simple suspension, seat, lights, frame and lightweight body shell -rendering it possible to be manufactured by domestic-scale production means.
THE PUUNK VELOMOBILE: AN ILLUSTRATION OF OPEN DESIGN AND SHORT-TERM ADDITIVE MANUFACTURING POSSIBILITIES IN THE TRANSPORT INDUSTRY
The PUUNK velomobile project aims to provide some enablers for domestic-scale production, both from a product design perspective and as an extension into the systems underpinning and surrounding the product (a velomobile is a recumbent bicycle or tricycle with a shell/faring to provide weather protection and aerodynamic gains). 'PUUNK' -or a Personalised, User-generated, Upcycled, Nconfigurable Kit -refers to the approach taken in developing the ethos of the vehicle. First and foremost, it has been designed to be hacked. This point is a key aspect in enabling its openness in design, opportunities for personalization and modular configuration. The design uses Kenneth Snelson and Buckminster Fuller's notion of tensegrity for the frame -i.e. compressional elements, usually poles or tubular sections, held in a stable structure by a network of tensional elements, usually stainless steel wire [16] . This means that no welding or sophisticated manufacturing processes are required to make it. The faring is a light skin of discarded tent material stretched over the frame (Fig. 9a) . This frame/faring combination allows user-generated adaptability to govern product diversity with simple components easily sourced anywhere around the globe. The vehicle frame, for instance, can be modified by merely replacing compressional and tensional elements with shorter or longer lengths and the faring can be sewn using a different pattern and colored material. To summarize the design; the PUUNK velomobile is a low cost, electric-pedal assisted velomobile, within an open source, digitally mediated framework that can be easily accessed, interminably reconfigured, and made from found materials while using generic household tools for its manufacture. The design also aims to adapt to individual needs, commute comfortably to a distance of up to 20km and carry a small amount of cargo [27] . 3D printed components are limited to the small connecting structures and component enclosures, which allow the process of AM to be quickly undertaken and highly adaptive to the dimensional variations of the other materials used ( fig. 9b) [29] . A description of this will be discussed in greater detail in forthcoming publications.
KNOWN ISSUES
This paper has undertaken to outline some of the benefits of Open Design in the product development cycle of personal transport vehicles, but it is acknowledged that there are many topics that have not been covered. Topics for further research are: · On-road performance and safety standards for the design of a user-generated vehicle and components · Quality and consistency of parts made via distributed manufacturing · Regulations and legislation for on-road usage of DIY vehicles · Detailed business strategies and financial models associated with open design and manufacturing · Company structure and information/people/material flow logistics in distributed networks · Analysis of product cycles and material performance for AM parts · The appropriate use of the different 3D printing/Additive Manufacturing methods (i.e. SLS, SLA, FDM, LOM)
CONCLUSION
In recent years, Additive Manufacturing and 3D printing has seen a remarkable shift toward making tools available to the consumer market. While the historical underpinnings of 3d printing have stretched back a number of decades, it has been since 2005 and the development of OSHW that the technology has become widely accessible and affordable to the general public. This paper has discussed the rise of this hardware, its relationship to a growing Maker movement, and the role it has played transitioning 3D printing from its past use -mainly prototyping -to its exponential growth as an advanced Additive Manufacturing tool. A path has been traced from the beginnings of 3D printing and the establishment of 3D Systems, Stratasys, and Helisys to the recent impact of the Reprap, Makerbot Industries and Fab Lab initiatives that have given rise to the notion of domestic-scale design and manufacturing. The paper then discusses the possibilities for distributed domestic-scale production within the context of Open Design methodologies
The paper goes on to outline how this may affect the personal transport industry, citing the example of the Urbee, a 3D printed vehicle, as a precedent for coming developments in AM in the automotive industry. A scenario is then discussed that opens up the possibility for the short term inclusion of 3D printed vehicles in vehicle fleets. Large vehicles made available in community share infrastructures could, in many cases, supplement small vehicle ownership -this allows for occasional long-distance trips and haulage, but frees ownership to be primarily comprised of small, lightweight vehicles. The development of smaller, simpler vehicles can be more easily and efficiently catered for by 3D printing in the short term, and possibly opens the opportunity for distributed, domestic-scale production of these products. As a final note, the paper discusses one such exploration, The PUUNK velomobile, which uses primarily upcycled and off-the-shelf components which are connected by 3D printed elements in a networked tensegrity structure. The vehicle is intended to be released as an open design in the near future.
